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METHOD FOR MAINTAINING POSE OF
SPACECRAFT

FIELD OF THE INVENTION

This invention relates generally to positioning a spacecratt,
and more particularly to a system and method for maintaining

a pose of a spacecralt within an error range {rom a base pose.

BACKGROUND OF THE INVENTION

Spacecralts are frequently used to facilitate communica-
tion, gather scientific data, facilitate geopositioning and con-
duct extraterrestrial observations. For example, space-based
observatories enable observations without being subject to
weather constraints and atmospheric effects that affect a qual-
ity of the observations. For example, satellites are indispens-
able for observation systems that gather scientific data regard-
ing climate and natural resources at a global scale.

In some applications the spacecrait has to be maintained at
a base pose. For example, a number of applications use of a
constellation of two or more cooperating spacecraits. The use
ol the spacecrait for such applications requires that the dis-
tance between each spacecrait in the constellation 1s main-
tained with a fairly high accuracy. Accordingly, the spacecraft
has to be positioned 1n a particular arrangement within pre-
scribed error ranges.

Unfortunately, spacecraits are subject to “perturbative”
forces, such as those caused by the non-umiform gravity of the
Earth, gravitational effects of other heavenly bodies, solar
pressure, atmospheric drag, and propulsion systems. For
spacecraits i low altitude orbits, atmospheric drag i1s usually
the predominant perturbative force. The perturbative forces
vary due to a number of factors, including the oblateness (J,)
of the Earth, vaniations 1n atmospheric density and tempera-
ture, and the magnitude of solar activity.

Because the forces due to these factors can be non-uniform,
and because the mass and profile of each spacecrait can vary
over time and from one spacecrait to another, atmospheric
drag and the other perturbations aflect the inter-spacecratit
spacing of constellations of spacecraits. Thus, 11 no action 1s
taken, the spacecratt 1s displaced from 1ts predetermined posi-
tions and move beyond their prescribed error ranges. In order
to maintain proper inter-spacecrait positioning, the space-
craft in the constellation compensates for the perturbative
forces.

Recent applications based on a dual-spacecrait configura-
tion require a “follower” spacecrait to be at a fixed relative
position with respect to a “leader” spacecraift, within an error
range, 1n an order ol centimeters, for long periods of time
while being subject to known disturbances such as difieren-
tial drag, and I, effects. A state, 1.¢., position and velocity, of
the spacecrait 1s s=[x, v_, v, Vy]T , controls available at the
spacecraft are c=[AV _, AV ] ’ and T is a transpose operator.
The dynamics of the spacecrait can be described according to
a difference equation,

Sp.1=As;+Bc,+d,,

where matrices A and B represent physical characteristics of
the spacecrait, and a vector d, represents the perturbative
torces. The difference equation determines a next k+1 state of
the spacecrait at a next time step based on a current state k of
the spacecrait, the control, and the perturbative forces.

Linear Quadratic Regulator

One conventional formation-keeping method 1s based on a
linear quadratic regulator (LQR), which 1s a type of a feed-
back controller. The LQR defines a desired state of the space-
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craft as s=[0, 0, 0, 0]”, which describes the spacecraft at a
predetermined position. Then, any non-zero value for the
position and the velocity of the spacecraft 1s considered a
displacement that must be minimized.

A quadratic cost function J to minimize 1s

1
J ==

5 [,5*:{ Os, + CERC;{],

M

where Q and R are typically diagonal matrices whose ele-
ments correspond to weights on the state error and control
cost. An optimal solution for systems with controls that are
continuous 1n magnitude and are applied during the extent of
every time step 1s a feedback law that relates the control
directly to the current state,

(1)

C,.——Ks;,
where

K=B'PB+R)"'B1P4,

and P 1s the solution of the algebraic Riccati equation,

A*PA-P-A'PR(B*PR+R) ' B! P4+0=0.

Although LOQR controllers are generally used 1n spacecratt
systems, where the control 1s continuous 1n time and magni-
tude, an impulsive approximation 1s carried out by modulat-
ing either the magnitude or the time periods between the
impulses.

Time-Modulated LQR Control

-

I'tme-modulated LQR control 1s based on setting a thresh-
old value for the control mput AV . During the time
interval between impulses, disturbances can cause the space-
craft to be displaced from the predetermined position, so the
magnitude of the state variables s, increases, and the magni-
tude of the control variables ¢, also increases according to
Equation (1). When the control reaches the threshold, an
impulse of magnitude AV, . 1s applied to the spacecraft.
The threshold value and the weight matrices Q and R can be
obtained empirically. Thus, 1n the time-modulated LQR con-
trol method, the magnitude of the impulsive force 1s always
fixed, and the method determines only the times when the
impulses are 1ssued.

Magnitude-Modulated LQR Control

Magnitude-modulated LQR control 1s based on fixing the
times of the impulses at constant intervals, and applying the
impulse magnitude that 1s provided by the feedback law 1n
Equation (1). The impulse times are generally obtained by
empirically adjusting the duration of the time step and the
weight matrices Q and R. If the disturbances are known, then
future disturbance can be integrated forward during the cur-
rent time step to yield a feedforward term AV . that can be
added to the feedback AV.

Limitations of LQR controllers include hard constraints,
such as error thresholds, cannot be specified directly but only
through the adjustment of parameters. Controllers can use the
knowledge of disturbance during the time step, but no opti-
mization 1s performed. LQR formation-keeping with error
thresholds of less than a meter require time steps of a few
seconds, which yield a large number of impulses. Further-
more, magnitude-modulated LOQR control requires defiming
small time steps of the order of a few seconds, which further
increases the number of impulses.
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Linear Programming Control

Another formation-keeping method uses linear program-
ming (LP) to generate control plans for a predetermined time
in the future, to keep the spacecrait near the predetermined
position, while minimizing propellant consumption. A length
of the time 1s defined as the number of time steps 1n the future
considered by the optimization.

A vector containing the states parameters s, control param-
eters ¢, and optimization parameters w for each future time
step 15 Z=[Sy, Cos Wi Sy C1s Wiy . .., Sy, and d=[d,, d,, . . ..
d.._,]" is a vector of known disturbances during the predeter-
mined future time period. Vectors containing lower and upper
bounds on the states, controls, and optimization parameters,
areb,=[s,,¢c,..,0,s ¢ 0,...,s 1 andb,=[s, ¢C
w, s .c . w__...,s | respectively. For the gen-
eration of the plan, an 1nitial state s, 1s constant and 1s deter-
mined by measurements. The corresponding LP problem is,

min 'z
subject to

b; =z=b,, Cz=d, Ez=0,

where

f=[0 01001 (]]T
—-A =B 0 | O 0 0O 0 0 0 0O
0 0 0 —-A -B 0 [ 0 0 0 0
(=
0 0O O 0 O 0 0O -A -B 0 I
0 [ -1 0 0 0 O 0 0
o 0 o0 0 I =1 O 0 0
O 0 O 0 0 0 0 [ =1
= , and
0 —f =f 0 0 0O 0 0 0
0O 0 0 0 —f -1 O 0 0O
O 0 O 0 0 0O 0 —-I -1

where 1 1s a vector of ones, 0 1s a vector or matrix of zeros
depending on the context, and I 1s the identity matrix.

However, the conventional LP approach 1s tnaccurate and
unreliable. For example, some definitions of hard constraints
make the problem infeasible, 1.e., the controller cannot deter-
mine a solution for maintaining the spacecrait within the error
range. Thus, the spacecrait 1s without an effective control
plan. Evenif a solution can be determined, the execution of an
open-loop control plan 1s not always accurate and causes the
spacecralt to be at positions outside the prescribed error
range. Also, the LP problem assumes that the variables are
continuous, so quantization of the parameters for control 1s
not considered.

SUMMARY OF THE INVENTION

Some applications require that objects, such as a space-
craft, are maintained within an error range from a base pose.
Unfortunately, the spacecraits are subjected to different
forces, which cause the spacecraft to be displaced. For
example, the spacecraits are subjected to “‘perturbative”
forces, such as those caused by the non-umiform gravity of the
Earth, gravitational effects of other heavenly bodies, solar
pressure, atmospheric drag, and propulsion systems. There-
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fore, the spacecralt must compensate for the perturbative
forces. Typically, to keep the spacecrafts within the error
range from the base pose, on-board thrusters provide impul-
stve forces of very short durations, which are modeled as
instantaneous changes 1n velocity, 1.e., AV.

Maneuvers compensating for the displacement of the
spacecraits are known as “formation-keeping’” or “formation-
flying.” For a single spacecrait, compensating maneuvers are
called “station-keeping.” Herealiter, the term *“formation-
keeping” 1s used to describe all possible maneuvers of the
spacecrait, 1.e., the term describes a process for maintaining a
spacecrait within the error range of the base pose with respect
to at least one direction of displacement.

Control module of the spacecraits determines a direction, a
time 1nstant, and a magnitude of the compensative force to
satisty the formation-keeping requirements. Control modules
that provide good performance optimize consumption of pro-
pellant, which has a direct impact on a mission life of the
spacecralt, and reduce the number of impulses, which
increases the effective observation time because the impulses
may momentarily interrupt operations of the spacecratt.

An objective of the present invention 1s to provide a system
and a method for maintaining an object within an error range
from a base pose 1n response to a displacement of the object
to a displaced pose with respect to at least one direction of the
displacement. In one embodiment, the object 1s a spacecratt.
In one variation of this embodiment, the spacecrait 1s a sat-
cllite.

Another objective of the invention 1s to maintain the space-
craft within the error range while minimizing the number of
compensative force, e.g., impulses, 1ssued to compensate for
the displacement. To that end, a magnitude of a force to be
1ssued 1n the direction opposite to the direction of displace-
ment 1s determined.

Embodiments of invention are based on a realization that
the compensative force 1s formed by two independent com-
ponents, 1.€., a base force that serves to prevent an increase of
the displacement of the spacecraft, and an excess force that
serves to maintain the spacecraft within the error range and to
optimize a period of time between 1ssuances of the force.

Embodiments of the mvention determine the two compo-
nents separately, such that the combination of the components
cnables maintaining the spacecrait within the error ranges,
and increases a performance of the spacecraft. Furthermore,
the independence of the components significantly reduces the
computational complexity of the formation-keeping, and, 1n
contrast to the prior art, allows determining dynamaically both
the time and a magnitude of the force compensating for the
displacement.

Moreover, the embodiments are based on another realiza-
tion that a magnitude of the base force can be determined
directly from the velocity of the spacecrait at the displaced
pose. One variation of this embodiment considers a quantized
nature of a magnitude of the compensative force. In this
variation, the magnitude of the base force 1s determined based
on the velocity and the quantization resolution of the magni-
tude. A result of application of the force of the base magnitude
to the spacecratit at the displaced position 1s that the velocity
of the spacecrait becomes substantially zero with respect to
the direction of the displacement, which prevents an increase
of the extent of the displacement.

The magnitude of the excess force 1s determined to
decrease the displacement of the spacecrait and maintain the
spacecrait within the error range. Accordingly one embodi-
ment determines the excess magnitude based only on the error
range along the direction of the displacement. Moreover,
another embodiment considers the quantization resolution of
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the magnitude of the force to determine a discrete control set
of factors and selects the factor that along with the quantiza-
tion resolution provides the magnitude of the excess force.

One embodiment discloses a method for formation-keep-
ing of a spacecrait in response to a displacement of the space-
craft to a displaced pose with respect to at least one direction
of the displacement, wherein the spacecrait 1s configured to
1ssue a compensative force by generating a command to 1ssue
a compensative force. The compensative force 1s determined
as a function of a sum of the base force configured for main-
taining the spacecrait in the displaced pose with respect to the
direction of the displacement and an excess force configured
for optimizing the formation-keeping with respect to the
direction of the displacement of the spacecraft at the dis-
placed pose.

Another embodiment discloses a control module adapted
for maintaining a pose of a spacecraft with respect to an error
range defined along a direction of displacement, wherein the
spacecrait 1s configured to 1ssue a compensative force, com-
prising: means for determining a base force, such that issuing,
the base force by the spacecrait results 1n a substantially zero
velocity of the spacecralt at a displaced pose with respect to
the direction of the displacement; means for determining an
excess force, such that 1ssuing the excess force by the space-
craft having the substantially zero velocity at the displaced
pose optimizes the pose of the spacecraft with respect to the
error range; and means for generating a command to 1ssue the
force 1n a direction opposite to the direction of the displace-
ment, wherein the compensative force 1s a sum of the base
force and the excess force.

Yet another embodiment discloses a method for determin-
ing a compensative force to compensate for a displacement of
an object, comprising the steps of determining, by a proces-
sor, the compensative force as a function of a sum of a base
force configured for preventing an increase of the displace-
ment and an excess force configured for reducing the dis-
placement, wherein a magnitude of the excess force 1s
selected from a discrete control set of magnitudes.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 11s ablock diagram of an example system and method
for formation-keeping of a spacecrait;

FI1G. 2 15 a flow diagram of a method for formation-keeping
of the spacecrait according embodiments of the invention;

FIG. 3 15 a flow diagram of a method for the formation-
keeping along an x axis of the displacement according one
embodiment of the invention; and

FI1G. 4 1s a schematic of a discrete-time controller accord-
ing embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 shows an example of a system and a method for
formation-keeping of a spacecrait 110. The spacecrait is
required to be maintained within an error range from a base
pose 115 defined, for example, by a distance 125 from another
spacecrait 120. In other embodiments, the base pose 1s
defined with respect to a global coordinate system.

Different embodiments of the invention are described with
respect to the spacecrait 110. However, the embodiments are
applicable to any type of objects, both terrestrial and extra-
terrestrial.

The spacecratt 1s subjected to displacement forces 131-
132, e¢.g., perturbative forces, causing a displacement of the
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spacecrait from the base pose 115 to a displaced pose 116. By
convention, and as defined herein, forces are vectors having a
magnitude and a direction.

Each pose 1s characterized by a (X, y, z) position and a (0,
¢, ) orientation of the spacecraft. Accordingly, the displace-
ment can be translational, rotational, or a combination
thereof. Usually, the direction of displacement 117 1s a com-
bination of translational and rotational displacement from the
base pose toward the displaced pose. Sitmilarly, a magnmitude
of displacement 1s a combination of planar and angular dis-
tances between the base pose and the displaced pose.

However, dynamics of the spacecratt are decoupled among,
degrees of freedom of the spacecraft. Embodiments of the
invention are applicable to one or a combination of displace-
ments of the spacecrait along axes of displacement, e.g.,
along an axis x 145 and an axis y 146, or around the axes of
displacement, ¢.g., rotation 1335 around the axis x. Accord-
ingly, the displacement can be described separately or in
combination by extends of displacements 133-134 along the
axes of the displacements.

For clarity of this description, the embodiments are
described for a translational displacement of the spacecratt
along the x axis. Accordingly, for the purpose of this specifi-
cation and appending claims, the extent of the displacement 1s
a distance between the displaced pose and the base pose along
or around at least one axis of the displacement, e.g., the extent
134, and the direction of the displacement 1s a direction from
the base pose toward the displaced pose along or around at
least one axis of the displacement.

The spacecraft includes a control module 140 configured to
compensate for the displacement by generating commands to
1ssue a compensative force 1 a direction opposite to the
direction of the displacement. The control module includes a
processor 141 as known 1n the art. The spacecraft includes at
least two thrusters 148-149 arranged 1n opposing directions,
and aligned with or about selected axes of the displacement.

The force for compensation of the displacement can be
continuous or impulsive, wherein a magnitude 1s an 1ntegral
of the force with respect to time. When the force 1s applied to
the spacecrait, the momentum and the velocity of the space-
craft 1s changed. However, a small force applied for a long
time can produce the same momentum change as a large force
applied briefly. Accordingly, for the purpose of this specifi-
cation and appended claims a force has a direction and a
magnitude, wherein a value of the magnitude 1s equal to a
change of the velocity of the spacecrait along the direction 1n
result of application of that force.

In one embodiment, the force 1s the impulsive force of a
magnitude limited by a quantization resolution of the force,
1.€., the magnitude 1s amultiple of the quantization resolution.
The set of values of the magnitudes of the force can be
continuous or quantized. The satellite with the continuous
control implementation can apply an impulse with any mag-
nitude. The satellite with a quantized control implementation
can only apply the force with a magnitude that 1s a multiple of
the quantization resolution. For example, for a quantization
resolution of 3 mm/s, the available magnitudes are 0 mm/s, 3
mm/s, 6 mm/s, 9 mm/s, and so on.

Typically, the displacement has to be maintained within the
error range 155 having an extent range. The error ranges are
defined for each lateral and angular displacement. The error
ranges for different axes of displacement form an error box
150 having sides 151-152 surrounding the predetermined
position such that the predetermined position 1s substantially
in a center of the error box. Typically, a type of the error range
corresponds to the displaced pose such that the displaced pose
borders the error range. For example, when the spacecrait 1s
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displaced along x axis, the corresponding error range along
the x axis 1s selected to maintain the spacecrait within that
range. Typically, maximum displacement 1s a half of an extent
of the error range.

One objective of the formation-keeping 1s to maintain the
spacecrait within the error ranges while minimizing the num-
ber of impulses 1ssued to compensate for the displacement. To
that end, the magnitude of the impulsive force to be 1ssued in
the direction opposite to the direction of displacement 1s
determined.

Embodiments of invention are based on a realization that
the above objective includes two independent components of
the compensative force. One component, hereafter “a base
force,” serves to prevent an increase of the displacement of the
spacecratit, 1.e., serves to maintain the spacecrait in the error
range. Another component, herecafter “an excess force,”
serves to reduce the displacement of the spacecrait and to
optimize a period of time between 1ssuance of the compen-
sattve force and 1ssuance of a next compensative force. The
two separate components are determined separately, such that
the combination of the components enables maintaining the
spacecrait within the error ranges, and increases a perfor-
mance of the spacecraft. Furthermore, the independence of
the components significantly reduces the computational com-
plexity of the formation-keeping, and, in contrast to the prior
art, allows determining dynamically both the time and a mag-
nitude of the compensative force.

Moreover, the embodiments are based on another realiza-
tion that the magnitude of the base force can be determined
directly from the velocity of the spacecraft at the displaced
pose and a quantization resolution of the control module. A
result application of the compensative force of the base mag-
nitude to the spacecratt at the displaced position 1s that the
velocity of the spacecraft becomes substantially zero, which
prevents an increase of the extent of the displacement. For
example, 1n one embodiment, the substantially zero velocity
has a value less than the quantization resolution. In one varia-
tion of this embodiment, the substantially zero velocity has a
direction opposite to the direction of the displacement.

The excess force 1s determined to decrease the extent of the
displacement of the spacecrait having the substantially zero
velocity and thus the value of the excess magnitude 1s 1nde-
pendent from the velocity of the spacecrait. In one embodi-
ment, the magnitude of the excess force 1s a random number
constrained by the quantization resolution of the control mod-
ule. However, other embodiments use the independence of
the excess magnitude from the velocity to optimize the value
of the excess magnitude based on the quantization resolution
of the control and the error range. Furthermore, because of the
quantized nature of the control, the magnitude of the excess
force can be selected from a discrete control set of finite
cardinality.

For example, one embodiment considers the magnitude of
the displacement, e.g. perturbative, force bounded by a value
d_ . The discrete control set 1s determined by setting a range
for the elements of the set. The least element 1s zero, and the
greatest element equals the minimum quantized magnitude
that allows the spacecraft to reach the opposite side of the
error range while starting from zero velocity and being
opposed by a constant perturbative force of magnitude d_ .

In some embodiments, an optimum magnitude of the
excess force 1s determined using integer programming (IP).
Because the discrete control set typically has a small number
of elements, e.g., less than fifteen for a coarse quantization,
and a small error range, one embodiment solves the IP prob-
lem using a total enumeration technique.
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FIG. 2 shows a block diagram of a method for formation-
keeping of the spacecraft according embodiments of the

invention. First, the method determines 210 the base magni-
tude 2135 of the compensative force, such that an application
of the compensative force of the base magnitude to the space-
craft at the displacement results 1n a substantially zero veloc-
ity of the spacecrait preventing an increase of the extent of the
displacement. Usually, the base magnitude determined at a
time 280 of the compensative force, wherein the time 1s
determined based on the extent of the displacement, as
described below.

In one embodiment, the compensative force 1s impulsive
and the magnitude of the base force AV, __ 1s quantized and
determined directly from a velocity 230 of the spacecrait at
the displaced pose and a quantization resolution q 240 of the
control module according to

AVipgse = [%1@'

The 1ssuance of the base force guarantees that the displace-
ment 1s maintained within the error range. The method also
determines 250 an excess magnitude AV ______ 255, such that
an application of the compensative force of the excess mag-
nitude to the spacecrait having the substantially zero velocity
at the displaced pose also decreases the displacement.
Accordingly, the control module generates a command to
issue the compensative force at the specified time 280,
wherein a magnitude 265 of the compensative force 1s equal
to a sum 260 of the base magnitude 215 and the excess
magnitude 255.

In some embodiments, the magnitude of the excess force 1s
obtained from the discrete control set U 275, where U © N,,. In
one embodiment, the magnitude 1s determined by multiply-
ing the quantization resolution by a selected element from the
discrete control set. Because of the quantized nature of the
control module, the discrete control set U =N, has a finite
number of elements N, , i.e. U={0,1,...,N,~1}. In several
embodiments, a smallest element of the discrete control set 1s
either zero or one.

A greatest element of the discrete control set U 1s deter-
mined 270 as a minimum magnitude of the excess force that
causes the spacecraft to reach an opposite side of an error
range 155 while starting from the displaced pose with sub-
stantially zero velocity and being opposed by the displace-
ment force of the magnitude d__ . For example, 1f the con-
stant magnitude d____is equal than 2 mm/s”, the quantization
resolution 1s 3 mm/s, and the error range 1s 400 mm. The
minimum continuous-magnitude 1s given by

range
Ay = 2\/ dmﬂT

For this example, the minimum control 1s 40 mm/s. The
greatest element of U 1s given by

where g 1s the quantization resolution. The greatest element 1s
14, so the discrete control set U can now be defined to consists

of 15 elements, U={0, 1, ..., 14}.
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In one embodiment, the magnitude excess force 1s obtained
by randomly selecting an element from the discrete control
set. In an alternative embodiment, an integer programming
(IP) 1s used to determine an optimal value u* for the excess
magnitude according to

maxe(u, AV, ... D, ue U,

wherein a function ¢ maximizes a period of time At between
the 1ssuances of the compensative force. The time t as an
argument of a function ¢ considers the fact that the perturba-
tive force can be time-varying. For a particular element ueU,
the function ¢ 1s the period of time between the application of
the force of magnitude AV, ___+q™*u at time t and the next time
t+At. Since the dynamics of the system and the perturbative
force are known, 1t1s possible to predict the future behavior of
the system and the period of time after the force of a particular
magnitude 1s 1ssued.

One embodiment takes into account the value of the base
magnitude as described above. Another embodiment directly
assumes that at the time of 1ssuing the impulsive force the
velocity of the spacecrait 1s substantially zero and does not
use the value of the base magnitude of the impulsive force.

In a particular, the value u of the magnitude of the excess
force 1s determined either analytically or numerically
depending on the nature of the perturbative forces. Therefore,
during the search for the optimal u*, the value of the pertur-
bative forces are taken 1n to account.

Typically, the control set U has a small number of elements,
¢.g., less than fifteen, due to coarse quantization and the small
error range. Thus, 1n one embodiment, the IP problem can be
solved using the total enumeration technique. For example,
every element of the control set U 1s evaluated to obtain 1ts
associated period of the time. The element that provides the
maximum period of the time 1s the optimal element u*.

For larger control sets with sizes in the hundreds or the
thousands, methods such as genetic algorithms (GA) can be
more efficient in estimating the optimal solution. However, in
contrast with the conventional methods, a solution can always
be found that satisfies the hard constraints due to the applica-
tion of the base force.

FI1G. 3 shows a flow diagram of a method for the formation-
keeping of a spacecrait along the x axis of the displacement
according one embodiment of the invention. Similar methods
are used for the formation-keeping along or around other axes
of the displacement. Upon starting 310, the control module
reads 320 current position x and velocity v, of the spacecratt.

If the control module determines 330 that the spacecratt 1s
at the upper boundary of the error range and moves away from
the base pose, then the control module determines 340 the
magnitude AV, __ of the base force that prevents the space-
craft from displacing from the base pose beyond the specified
error range. Then, the control module determines 350 a mag-
nitude AV of the excess force that in combination with

the base force optimizes the performance of the formation-
keeping along the direction of the displacement. Next, the
control module generates commands 360 to the thrusters
pointing 1n the negative x direction to 1ssue the compensative
force as a function of a sum of the base and the excess
magnitudes, 1.e., the magnitude of the compensative force
equals AV, __+AV____ and the direction of the compensa-
tive force 1s a direction opposite to the direction of the dis-

placement.
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I1 the control module determines 330 that the spacecrait 1s
at a lower boundary and moving away from the error range,
then the control module determines 345 the base force, deter-
mines 355 the excess force and commands 365 to the thrusters
pointing 1n the positive x direction to 1ssue an impulse of the
magnitude equal to the sum of the base and the excess mag-
nitudes.

Finally, i the spacecraft 1s inside the error range, no control
command 1s generated. The method 1s repeated repeatedly,
1.€., the control module obtains the current position x and the
current velocity v, evaluates the control rules, and deter-
mines the command to be generated, 1t any.

However, the direct application of the above method can
cause the spacecrait to be displaced beyond the error range of
the predetermined position for a brief time related to the
duration of a time step. Accordingly, one embodiment pre-
dicts whether the spacecrait will be displaced beyond the
error range 1n the next one or few time steps. In this embodi-
ment, the control module evaluates the control rules and the
command to 1ssue the respective impulsive forces 1n advance.

In some embodiments, the control modules 1s implemented
as a discrete-time controller as shown in FIG. 4 that periodi-
cally senses the state of the system, 1.e., the position and the
velocity of the spacecraft, evaluates the control rules, and
generates the command, if necessary. The state 1s evaluated 1n
a conditional switch 430 to determine whether a compensa-
tive force 1s to be applied or not. If the compensative force 1s
to be applied, the state information 1s transmitted to a feed-
back control 440 for the computation of the base force. The
state information 1s also transmitted to the optimal control
410 along with the base control for the computation of the
excess force. The base control and the optimal excess control
are added 450 to determine the command that will be 1ssued
to the thrusters.

Although the invention has been described by way of
examples of preferred embodiments, 1t 1s to be understood
that various other adaptations and modifications may be made
within the spirit and scope of the invention. Therefore, 1t1s the

object of the appended claims to cover all such variations and
modifications as come within the true spirit and scope of the
invention.

I claim:

1. A method for formation-keeping of a spacecraft in
response to a displacement of the spacecrait to a displaced
pose withrespect to at least one direction of the displacement,
wherein the spacecrait 1s configured to 1ssue a compensative
force, comprising the steps of:

determiming the compensative force as a function of a sum

of a base force configured for maintaining the spacecrait
in the displaced pose with respect to the direction of the
displacement and an excess force configured for opti-
mizing the formation-keeping with respect to the direc-
tion of the displacement of the spacecraft at the dis-
placed pose, wherein the compensative, the base and the
excess forces have a quantization resolution, the dis-
placed pose borders an error range along the direction of
the displacement;

determining a magnitude of the base force according to
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wherein AV, __ 1s the magnitude of the base force along the
direction of the displacement x, v_1s a veloc1 of the spacecratt
along the direction of the displacement, and g 1s the quanti-
zation resolution;
determining a magnitude of the excess force from a dis-
crete control set of magmitudes, wherein a largest ele-
ment maxU of the discrete control set 1s determined
according to

wherein Av 1s

range
Ay = 2\/dmaxT :

wherein range 1s an extent of the error range, and d_ . 1s an
upper bound of a displacement force; and

generating a command to 1ssue the compensative force,

wherein the steps of the method are performed by a
ProCessor.

2. The method of claim 1, further comprising;

determining a magnitude of the base force based on a

velocity of the spacecraft at the displaced pose.

3. The method of claim 2, wherein the base force 1s an
impulsive force having a quantization resolution such that the
magnitude of the base force 1s multiple of a quantization
resolution, further comprising:

determining the magnitude of the base force based on the

quantization resolution.
4. The method of claim 3, wherein the determining of the
magnitude 1s according to

AV [Ml}q
base — | — |Y>
q

wherein AV, __ 1s the magnitude of the base force along the
direction of the displacement x, v, 1s the velocity of the
spacecrait along the direction of the displacement, and q 1s the
quantization resolution.

5. The method of claim 1, wherein the displaced pose
borders an error range, further comprising:

determining the excess force based on the error range.

6. The method of claim 1, wherein the excess force 1s an
impulsive force having a quantization resolution such that the
magnitude of the excess force 1s 1 ultiple of a quantization
resolution, further comprising:

acquiring an error range along the direction of displace-

ment; and

determining the excess magnitude based on the error range

and the quantization resolution such the excess force
optimizes a period of time between the compensative
force and a next compensative force.

7. The method of claim 6, further comprising;

determining a discrete control set of magnitudes; and

selecting the magnitude of the excess force from the dis-
crete control set.

8. The method of claim 7, further comprising;

determining the magnitude of the excess force from the

discrete control set using a total enumeration technique.
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9. The method of claim 7, further comprising;
determining the magnitude of the excess force from the
discrete control set using an integer programming (IP).
10. The method of claim 9, wherein a number of elements
in the discrete control set UcN,, U={0,1, ..., N —1} has
finite cardinality N_, and the IP determines an optimal u™ by
maximizing a function ¢

max (i, AVpgse, 1), u € U,

wherein u 1s the excess force, AV , __ 1s a magnitude of the
base force, t 1s the time when the compensative force 1s
applied.

11. The method of claim 7, wherein the spacecrait 1s sub-
jected to a displacement force with a magnitude bounded by
a value d ., wherein the determining a discrete control set
further comprises:

determiming a largest element of the discrete control set as

a mimmum magnitude of the excess force that causes the
spacecrait to reach an opposite side of an error range,
while starting from the displaced pose with substantially
zero velocity and being opposed by the displacement
torce ot the magnituded,, .. and

selecting a smallest element of the discrete control set as

either zero or one.

12. The method of claim 11, further comprising.

determiming a mirninuri’bontinuous-magnitude

according to

Av

range
Av = ZJ dmaxT )

wherein range 1s an extent of the error range; and
determining the largest element maxU according to

wherein g 1s the quantization resolution.
13. The method of claim 1, further comprising:
determining a time to 1ssue the compensative force based
on an extent of the displacement and an error range.
14. A control module adapted for maintaining a pose of a
spacecralt with respect to an error range defined along a
direction of displacement, wherein the spacecrait 1s config-
ured to 1ssue a compensative force, comprising:
means for determining a base force, such that 1ssuing the
base force by the spacecrait results in a substantially
zero velocity of the spacecrailt at a displaced pose with
respect to the direction of the displacement;
means for determining,an excess force, such that 1ssuing
the excess force by the spacecralt having the substan-
tially zero velocity at the displaced pose optimizes the
pose of the spacecraft with respect to the error range;
means for generating a command to 1ssue the force 1n a
direction opposite to the direction of the displacement,
wherein the compensative force 1s a sum of the base
force and the excess force; and
means for detennining’a time to issue the compensative
force based on an extent of the displacement and an error
range, wherein the means for determining excess force
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includes a processor configured to determine a magni-
tude of the excess force according to

wherein Av 1s

range
QV:Q\/dmm 5

wherein range 1s an extent of the error range, and d___1s an
upper bound of a displacement force.

15. The control module of claim 14, wherein the means for
determining the basic force includes a processor configured
to determine a magnitude of the base force according to

V]
Avbas.f — [_-‘Qa
q

wherein AV, 1s the magnitude of the base force along the
direction of the displacement x, v, 1s a velocity of the space-
craft along the direction of the displacement, and q 1s the
quantization resolution.

16. A method for determining a compensative force to
compensate for a displacement of an object, comprising the
steps of:
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determiming, by a processor, the compensative force as a
function of a sum of a base force configured for prevent-
ing an increase ol the displacement and an excess force
configured for reducing the displacement,

determining a magnitude of the excess force according to

rangc
Ay = ZJ dmaxT e

wherein Av 1s

range 1s an extent of an error range, g 1s a quantization reso-
lution and d____ 1s an upper bound of a displacement force.

FRaX

17. The method of claim 16, further comprising:

determining a largest element of based on the displacement
and a displacement force; and

selecting a smallest element of the discrete control set as
either zero or one.

18. The method of claim 16, further comprising:

defining the displacement as a half of an extent of the error
range.
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